The resistance of human immunodeficiency virus type 1 (HIV-1) to drugs is a major cause of antiretroviral treatment failure. We have compared direct sequencing to a line probe assay ( 
Human immunodeficiency virus (HIV) protease (PRO) inhibitors (PIs) offer the prospect of being a durable means of suppression of viremia and a sustained increase in CD4-cell counts when used at the optimal dosage in combination with two nucleoside reverse transcriptase inhibitors (NRTIs) (1) . Indeed, this highly active anti retroviral therapy (HAART) markedly reduced the rates of morbidity and mortality in HIVinfected patients (16) . Unfortunately, viral drug resistance is a major cause of HAART failure. Specific patterns of mutations in the PRO gene have been associated with reduced sensitivities to different PIs under in vitro and in vivo conditions (2, 20) . The fast selection of drug resistance mutations is mainly attributable to an incomplete viral replication suppression and to the error-prone nature of the reverse transcriptase (RT) (10) . Short insertions within the RT and the PRO sequences have also been described (M. A. Winters, E. Kim, S. Chou, et al., Abstr. Seventh Conf. Retrovir. Opportunistic Infect., abstr. 723, 2000). Often, a significant level of phenotypic PI resistance appears only after multiple mutations have accumulated (15) . Interestingly, mutant virus can keep a good replication capacity, also referred to as viral fitness, through compensatory mutations (13, 14) .
Rapid and sensitive drug resistance assays have been developed for detection of RT inhibitor (RTI) resistance. Hybridization assays such as the line probe assay (LiPA) for the detection of mutations in the RT gene are accurate and reliable (4, 21, 22) but suffer from hybridization failures (12) . A LiPA has recently become available for detection of key mutations that are located at the catalytic site and that confer phenotypic resistance (19) . The use of genotyping has improved the virological outcomes in prospective studies (7; J. D. Baxter, D. L. Mayers, D. N. Wentworth, et al., Abstr. Sixth Conf. Retrovir. Opportunistic Infect., abstr. 8, 1999) , and it has previously been shown that the detection of drug resistance by direct sequencing was associated with a poor virological outcome in retrospective studies (9, 26) . On the basis of these data, tests for detection of resistance could potentially be used in the clinic to select optimal drug sequences or combinations with nonoverlapping resistance patterns, which would also preserve subsequent therapeutic options.
The objectives of our study were to compare the LiPA to DNA sequencing for the detection of mutations in the PRO and RT genes. Furthermore, the sequential appearance of mutations under selective drug pressure was investigated.
MATERIALS AND METHODS
Study design and patient population. In a retrospective study, viruses in 197 sequential samples from 26 HIV type 1 (HIV-1)-infected patients were analyzed for drug resistance. All patients were followed at the National Department of Infectious Diseases (Centre Hospitalier de Luxembourg), were PI naive, and had a rebound of viral load despite treatment with two NRTIs (zidovudine [ZDV] and zalcitabine [ddC] , n ϭ 13; ZDV and lamivudine [3TC], n ϭ 6; ZDV and didanosine [ddI] , n ϭ 4; 3TC and ddC, n ϭ 2; 3TC and ddI, n ϭ 1) and indinavir (IDV; n ϭ 6; mean duration, 1.3 Ϯ 0.7 years), ritonavir (RTV; n ϭ 10; mean duration, 1.2 Ϯ 0.8 years), or saquinavir (SQV; n ϭ 10; mean duration, 0.9 Ϯ 0.6 years). Half of them had had a prior exposure to NRTIs. The mean follow-up was 2.56 Ϯ 0.65 years, with sequential samples obtained every 3 months. Samples were taken between April 1995 and February 1999. Anti-HIV treatment was changed during the follow-up period, according to the physician's choice: five patients stopped PI treatment and two did not change their PI treatments. Eleven patients switched to IDV, 6 switched to RTV, and 2 switched to nelfinavir (NFV). Resistance testing had not been used in a prospective way during the study period and thus did not alter treatment decisions. The baseline characteristics of the patients are shown in Table 1 .
Nucleic acid extraction. Viral RNA was extracted from 140 l of EDTAtreated plasma by using the QIAamp viral RNA kit (Qiagen, Hilden, Germany) according to the manufacturer's recommendations. RNA was eluted in 50 l of RNase-free water and was stored at Ϫ80°C until it was used for the different assays.
LiPA. LiPA is based on the reverse hybridization of a biotinylated PCRamplified fragment of the HIV PRO or RT gene to short oligonucleotides probes for wild-type or mutant sequences at key resistance codons immobilized as parallel lines on nitrocellulose membrane strips (22) . Streptavidin labeled with alkaline phosphatase is added and binds to previously formed hybrids. Incubation with 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium chromogen results in a purple-brown precipitate. The presence of a clearly visible line is considered a positive reaction. The mutations detected by this assay are listed in Table 2 .
The amplification and hybridization conditions for the detection of RT mutations (LiPA HIV-1 RT; Innogenetics, Ghent, Belgium) have been described previously (22) . Isolates with amplification failures were also tested with secondgeneration primers (K. DeSmet, L. Celis, R. Verhelst, et al., Abstr. Second Frankfurt Symp. Clin. Implications HIV Drug Resist., abstr. 54, 2000). For the prototype INNO-LiPA HIV Protease (Innogenetics), outer primers (K. DeSmet, L. Celis, R. Verhelst, et al., Abstr. Second Frankfurt Symp. Clin. Implications HIV Drug Resist., abstr. 50, 2000) were used on a Perkin-Elmer 9700 thermocycler under the following in-house conditions: 1.5 mM MgCl 2 and 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min for 40 cycles. Nested biotinylated primers for the amplification of a fragment with PRO codons 30 to 84 were used under the following in-house conditions: 1.5 mM MgCl 2 and 94°C for 1 min, 45°C for 1 min, and 72°C for 1 min for 30 cycles, which gave a 273-bp product. In a second step, for codon 90, a fragment was amplified with nested biotinylated primers under the following in-house conditions: 1.5 mM MgCl 2 and 94°C for 30 s, 45°C for 30 s, and 72°C for 30 s for 35 cycles, which resulted in an 85-bp product. Eight microliters of the nested PCR products was run on an agarose gel, and the presence of amplification products was checked after ethidium bromide staining. Hybridization conditions for PRO were similar to those for RT (22) .
Sequencing of PRO and RT genes. Complete sequencing of the PRO gene and of nucleotides 111 to 741 of the RT gene was performed by the TruGene HIV-1 assay (Visible Genetics, Toronto, Ontario, Canada), following the manufacturer's recommendations. Sequences were compared to the HIV-1 LAV 1 reference sequence (GenBank/EMBL accession number K02013). Samples that gave a sequence for RT but not for PRO were analyzed with a second-generation PRO primer (primer P2) provided by the manufacturer and now incorporated in the new version of the kit.
Data analysis and statistics. For LiPA, amplification and hybridization failures were analyzed. For sequencing, amplification and sequencing failures were assessed. For each codon of interest, results were scored as wild type, mutant, a mixture of both, or the absence of interpretable results. Concordance was defined as the same interpretable result obtained by different methods. Minor discordances were defined as a mixed result by the first method and a homogeneous result by the second method, and major discordances were defined as a mutant result by one assay and a wild-type result by the other assay. The coprevalence of mutations was evaluated by calculating Pearson's correlation coefficients. Weighted mixed-effects linear regression was used for assessment of the association between the duration of therapy and the number of resistance mutations. All calculations were made with the statistical software package SPSS (version 9.0, 1999; SPSS, Chicago, Ill.).
Nucleotide sequence accession numbers. All sequences were submitted to the GenBank/EMBL databases and are available under accession numbers AJ 3213, 10414-17, 10488-90, 11401-07, 401723-1977.
RESULTS
Performance of genotypic assays. For 197 samples analyzed by the LiPA HIV-1 RT, the amplification rate per patient was 81% (17% for 24 isolates at a viral load of Ͻ500 copies/ml). Hybridization failures were common (Table 2) . When compared to sequencing, hybridization failures could be explained by the following reasons: presence of codon 69-serine-serine insertions (63% of failures for codon 69) or T69N mutations (19%), M184I mutations (42%), and L74I mutations (5%). For 185 samples for which sequencing was attempted, the relative a Samples for which PCR-amplified products were detected on agarose gels were analyzed for hybridization failures.
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frequency of amplification was 77%. RNA could not be amplified from nine samples with less than 500 copies/ml. For 197 samples analyzed by INNO-LiPA HIV Protease, the relative frequency of amplification for the fragment containing codons 30 to 84 was 89% (50% for 24 samples with viral loads of Ͻ500 copies/ml). Hybridization failures were uncommon (Table 2) . Direct sequencing identified an unexpected M46L substitution in 75% of the samples with LiPA hybridization failures for this codon. The fragment containing codon 90 could be obtained from 84 of 86 samples (98%) previously amplified for codons 30 to 84. Of these, 5% failed to hybridize. For 185 samples analyzed by sequencing, the relative frequency of amplification was 73.5%, with amplification not achieved for any of the samples with viral loads of less than 500 copies/ml. Detection of mixed virus populations and concordance between genotypic assays. The LiPA technology detected more mixed virus populations than DNA sequencing, especially for PRO codons 54 and 90 and RT codons 41, 70, 184, and 215 ( Fig. 1a and b) . The results of INNO-LiPA HIV Protease and sequencing with 148 isolates were highly concordant, with identical results obtained for 87 to 100% of codons (Fig. 1c) . Minor discordances were found for up to 15% of codons. Five of 887 codons (0.6%) analyzed (Fig. 1c) gave major discordances. The rates of concordance for LiPA HIV-1 RT and sequencing ranged from 91 to 98% for all codons except codons 70 and 184, which yielded more discrepancies (Fig. 1c) . Major discordances were detected for 0.9% of RT codons. LiPA detected the PRO mutations V82A/F and L90M and the RT mutation K70R (four times each) as mixtures before they were detected by sequencing. However, in one case, V82A and L90M were detected earlier by sequencing.
Sequential appearance of PI resistance mutations. Despite treatment failure, the viruses of six patients did not acquire key PI resistance mutations during follow-up. For both assays, the duration of PI therapy was significantly associated (P Ͻ 0.001) with the number of PI resistance mutations (for LiPA, mean Ϯ standard error slope ϭ 0.528 Ϯ 0.061; for sequencing, mean Ϯ standard error slope ϭ 0.483 Ϯ 0.061).
Seven patients treated with RTV or IDV transiently displayed an I84V substitution at the time of or just before the appearance of the classical V82A/F substitution. LiPA detected these transient mutations in seven samples (in two as pure populations and in five as mixed populations), and sequencing detected these transient mutations in five samples (in two as pure populations and in three as mixed populations).
For 10 patients with first-line RTV treatment, after a transient I84V in isolates from half of the patients, V82A/F gradually emerged in all of them, followed by I54V and additional mutations, e.g., K20R/M and M36I/L (n ϭ 3) and L10I, M46I, L90M, and I93L (n ϭ 1). Six of the patients received secondline IDV treatment. Isolates from two patients acquired an I84V mutation before the V82A/F mutation, followed by M46I/L, A71V/T, and L90M (n ϭ 3), I93L and S37N (n ϭ 2), and I15V, K20R, G48V, and L63P (n ϭ 1). The G48V and A71V mutations were detected in virus from one patient with second-line RTV and SQV treatment. Viruses from three patients under first-line IDV treatment gradually developed V82A mutations; in viruses from two patients this was followed by an M46I/L mutation. In a second step, I54V/T, A71V/T, and I93L were observed. Second-line NFV treatment in one patient selected L90L/M, I54T, A71V, I77V, and I93L mutations. Of the viruses from the seven patients treated first with SQV, viruses from six developed the L90M mutation viruses from three each developed the G48V and V82A mutations; the viruses also developed some of the following mutations: L10I/V and I93L (n ϭ 2) and K20R, M36I, S37N, R41K, L63P, A71V, and I84V (n ϭ 1). Second-line IDV treatment selected the M46I mutation in viruses from two patients and the I54V and I93L mutations in virus from one patient.
G48V was often found as a mixed population (three of five patients) and disappeared from viruses from three of four patients after withdrawal of SQV. L90M disappeared from viruses from five of six patients after withdrawal of SQV (n ϭ 2) and IDV (n ϭ 2) and even after the addition of IDV to SQV (n ϭ 1). In virus from one patient, L90M developed as a mixed population while the patient was under first-line SQV treatment, followed by additional mixed V82A and I84V substitutions. A switch to IDV resulted in the disappearance of the I84V and L90M mutations. The M46I/L mutation, mainly selected by IDV, disappeared after withdrawal of this drug in all four patients. Viruses from patients who retained their resistance mutations were the ones that had initially had more than seven PI resistance-related mutations. The D30N and I50V mutations, typical for NFV and amprenavir (APV) resistance, respectively, were not encountered in the viruses from our cohort.
Evolution of RT mutations. Virus from a single patient had no RT mutations during follow-up. Generally, complex mutational patterns were found. Interestingly, in two patients without nonnucleoside RTI (NNRTI) treatment, the typical NNRTI resistance mutations K103N and Y181C appeared while under ZDV, 3TC, and SQV treatment in one patient, and Y181C was newly detected while under ddC, RTV, and SQV treatment in the second patient. The ZDV resistance mutation K70R was often transiently encountered as a mixed population (n ϭ 11).
Coprevalence of PRO mutations. PRO mutations often appeared in combinations and did not seem to be independent. The V82A/F and I54V/T mutations were associated, with good correlations (rϾ 0.5) in both assays. The association of M36I/L with K20R/M was not detected by LiPA because of the absence of specific probes for these positions but was found by sequencing (Table 3) . Less strong but still relevant correlations were found for the A71V/T and I77V mutations (r ϭ 0.4 to 0.5) and the E35D and M36I/L, I54V/T and A71V/T, and A71V/T and L90M mutations. The A71V/T and M36I/L mutations were inversely correlated.
DISCUSSION
In sequential samples from HIV-infected patients, LiPA and sequencing gave highly concordant results for the detection of resistance mutations in both PRO and RT genes. The identification of codons is more exhaustive by sequencing than by LiPA, but we showed that both LiPA are more sensitive for the detection of mixed virus populations, as previously described for LiPA HIV-1 RT (4, 12, 21) . For LiPA, hybridization failures are partly explained by uncommon mutations at key codons, e.g., for the PRO I54T and M46L mutations and for the RT M184I mutation. However, due to improved primers the next generation of the LiPA HIV-1 RT is expected to have fewer failures (DeSmet et al., Abstr. Second Frankfurt Symp. Clin. Implications HIV Drug Resist., abstr. 54).
In PRO, a transient I84V mutation, mainly as a minor variant, was commonly found before the development of the V82A/F mutation for IDV and RTV resistance. Both mutations interact with the substrate at the active site. A similar phenomenon of transient detection of a mutation has been described for RT mutation K70R before the emergence of ZDV resistance. Large-scale studies have shown that I84V is also associated with APV resistance (17) 2000) . Interestingly, the I84V mutation reappears transiently in patients receiving secondline therapy with one of two PIs, either IDV or RTV.
Second-line NFV treatment selected for the I54V/T and L90M mutations but not for the previously described D30N mutation. In IDV-treated patients, the A71V, L90M, and I93L mutations were added to the pattern of well-known IDV resistance mutations. First-line SQV treatment selected for the classical G48V and L90M mutations in association with the L10I (10, 11, 18) and I93L mutations. This confirms that, in general, secondary mutations (remote from the catalytic site) are shared between the initially used PIs.
Mixed wild-type-mutant populations of viruses were encoun- We observed this for most patients whose viruses had the M46I/L and G48V mutations, which are located at the upper flap region of the PRO. These mutations are associated with impaired catalytic activity and are poorly tolerated. The same phenomenon can be found for the I84V, L90M, and K70R mutations in RT. The relative fitness of a particular mutant is also enhanced in the presence of a specific PI, e.g., for L90M and SQV (11) . The fitness of mutants with the I84V mutation is increased in the presence of IDV or RTV, but their fitness remains below the fitness of a virus with the L90M mutation (6, 25) . This may explain the rapid emergence of the I84V mutation upon second-line IDV or RTV treatment after first-line SQV treatment. The relative fitnesses of viruses with L90M and V82A mutations are inverted for SQV and IDV (8) . This explains the disappearance of the viruses with L90M mutation initially selected by SQV or IDV-SQV treatment when SQV was discontinued (n ϭ 3 of 4 patients) and when the V82A mutation becomes predominant in a mixed population under IDV pressure (n ϭ 1). Our study has limitations. The use of patients with viral load rebounds to study the sequential accumulation of mutations requires a cohort different from that required for a randomized prospective trial. Sequential samples favor the investigation of intermediate stages of resistance. The high prevalence of mixed populations with mutations at some codons must be interpreted accordingly. Additionally, comparison of viruses at the intrapatient level can overestimate correlation coefficients.
In conclusion, the results of direct sequencing and LiPAs are highly concordant for samples from patients with HAART failure. LiPA is more sensitive than sequencing for the detection of mixed virus populations but results in an unacceptably high level of hybridization failures for RT. A transient mutation, I84V, often present in a minor population of viruses, is a first step toward IDV and RTV resistance. This fact highlights the importance of a low detection limit of a resistance detection assay so that important information is not missed. 
